The 3D magnetic field simulations with FEM (finite element method) have been performed to predict and understand the performance of Magnetic Thin Film Inductor (MTFI). Inductor structures of planar electroplated Cu spiral coil, which are sandwiched and underlaid with magnetic thin films, are considered as the simulation models. The inductance increment of 300% compared to air-core inductor was predicted when the sandwiched 5 gm thickness magnetic thin film with relative permeability of 600 was adopted. Impedance measurement for the fabricated MTFI showed a good agreement with the simulation result. We also found that the undesirable increment of resistance at high frequency was originated from the eddy current flow through magnetic thin film.
INTRODUCTION
There is a strong demand on thin film electromagnetic devices, such as inductors and transformers, for the purpose of applying them to SiP (system-in-package) and SoC (system-on-chip) which mounted more circuits and functions together [1] . Recently, much effort has been focused on the development of magnetic thin film inductors (MTFI) using semiconductor process and MEMS (micro electro mechanical systems) techniques [2] , [3] . 3D magnetic field simulation with FEM (finite element method) is very useful to understand the electromagnetic function of each structural element in MTFI construction [4] , because reliable simulation results with a model close to the real device is expected. The cross sectional schematic diagrams of the MTFI models are shown in Figure 2 . In the simulation procedure, the space between the magnetic thin film and Cu coil is considered as air. Figure 4 shows the cross sectional view of simulated magnetic flux distribution around the outer 6 coils when the current of 1 A is applied to the Cu spiral coils. The arrows indicate the intensity and direction of magnetic flux. As seen in Figure 4 , the magnetic flux distribution is quite different according to the inductor structure. In the case of air-core inductor (Figure 4 (a) ), magnetic flux spreads over the space and magnetic energy concentration seem to be small. When the high permeability Co-based amorphous film is positioned under the coil (underlaid-type MFI, Figure 4 (b)), magnetic flux is concentrated on the magnetic film thus the spread of magnetic flux over the space reduces effectively. In the sandwiched-type MTFI (Figure 4 (c) ), the top and and the quality factor of fabricated inductor are compared with the simulation results in Figure 6 . Inductance increment of 300% is expected when the magnetic film of 5 ,um thickness is inserted at the top and bottom of Cu spiral coil, and the measured result shows a good agreement with the simulated value, as seen in Figure 6 (a). In general, the effect of electromagnetic coupling is not considered in the magnetic field simulation thus the simulation result is effective only when the LC resonance effect doesn't appear. In this study, magnetic field simulation results under 1 MHz are discussed because the simulation results are not affected by the LC resonance in this frequency region. The measured LC resonance frequencies are about 25 MHz for both inductors as seen in Figure  6 (a). At the resonance frequency, the abrupt increase of inductance is observed in the air-core inductor. On the other hand, the inductance of the MTFI shows no peak and slight decrement is observed when the frequency is between 1 MHz to resonance. We think these frequency characteristics of MTFI are originated from the stray reactance between the coil and the magnetic layers. For the clear understanding of these behaviors, more precise analysis based on the electrical equivalent circuit is needed [5] .
The frequency characteristics of the resistance for the air-core inductor and the MTFI are shown in Figure 4 (b). The resistance of air-core inductor is constant up to 1 MHz and then largely increases near the LC resonance frequency. On the other hand, the increment of the resistance of the MTFI starts at around 0.5 MHz. In the MTFI, eddy current effect is considered as the origin of the undesirable increment of resistance at lower frequency, because eddy current is considered in our simulation and the simulated resistance shows good agreement with the measured value. As mentioned before, LC resonance is negligible up to 1 MHz. Micro patterning of the magnetic film [3] could be effective for reducing the eddy current flow and improving the frequency characteristics of MTFI.
Figure 6 (c) shows the quality factor (Q) of air-core inductor and MTFI. It should be noticed that the Q of MTFI is larger than that of air-core inductor when the frequency is lower than the peak frequency of 3 MHz. The decrement of Q at the frequencies higher than 3 MHz seems to be the effect of the inductance decrement (Figure 6 (a) ) and resistance increment (Figure 6 (b) ), as easily supposed by the well-known relation: (1) where ƒÖ is the angular frequency.
Structural optimization of MTFI by way of reducing the stray reactance between coil and magnetic layer and eddy current through magnetic film could show the guide line for higher Q.
CONCLUSIONS
We studied electrical characteristics of magnetic thin film inductor (MTFI) by using 3D magnetic field simulations. Inductance increment of 300% compared to air-core inductor was predicted when the sandwiched 5,um thickness magnetic thin film with relative permeability of 600 was adopted. Impedance measurement for the fabricated MTFI showed a good agreement with the simulation result in the cases of inductance, resistance and quality factor. This simulation reveals that the undesirable increment of resistance at high frequencies was originated from the eddy current flow through magnetic thin film.
